In this paper, the lineshape variations in the multiplet structure fragments with a spin- 2 H) as a function of the strength of the irradiating radiofrequency these spin pairs have a J-coupling interaction between them. field applied in the vicinity of the S-spin resonance and of the However, the spin-spin splitting is partially or totally relaxation times of the latter are presented. These lineshapes were ''washed out'' by the rapid quadrupolar relaxation of the simulated using an exact theoretical treatment based on the solu-spin-1 (3, 4). There is usually some residual line broadening tion of the complete-density-matrix equations (including both co-in the observed spectrum of the spin- The effect of such an RF perturbation has several compowas varied over a wide range, and the two cases of (i) complete nents, the relative importance of which depends on the relaxand (ii) incomplete ''washing out'' of the spin coupling between ation and spectral parameters of the spin system (10, 11). the nuclei are considered separately. The simulations illustrate the If the J coupling is only incompletely averaged by the relaxdependence of the spectrum of spin I on various parameters such ation of the quadrupolar nucleus, the RF irradiation may be as the value of the scalar coupling constant, the quadrupolar relax-used to complete the spin decoupling, and thereby cause line ation times, and the irradiation strength in commonly realized narrowing. On the other hand, even if the J coupling is experimental context. In addition, a simpler theory for the case completely washed out by the quadrupolar relaxation, the of completely washed out scalar coupling in which the scalar inter-RF perturbation may be used to modify the spectral densities action is treated exclusively as a relaxation process is presented contributing to the linewidth of the spin-1 2 resonance, and in the Appendix. The procedure given in this paper is applicable this too leads to line narrowing especially in the long-correlato lineshape calculations for any spin-1 2 -spin-1 coupled system. tion-time limit. The role of RF perturbation in these two
INTRODUCTION
narrowing of the fully decoupled resonances is an example of manipulating the relaxation effects by the coherent RF Recent developments in high-resolution multinuclear mul-perturbation typically manifest in rotating-frame relaxation tidimensional NMR methods for the determination of macro-experiments such as the CAMELSPIN (12) or ROESY exmolecular structure involve extensive use of selective, semi-periments (13). It is, nevertheless, possible to cast a unified selective, or uniform 13 C, 15 N, and 2 H labeling of the macro-formulation in which both these phenomena can be seen molecule (1, 2) . Such labeled spin systems often contain under appropriate physical conditions. One of the motivations of this paper is to provide such a formalism along with computer-simulated lineshapes to illustrate the effects. The strengths of the RF field to be used in the experiments. Furthermore, these results help to clarify some of the confu-field applied in the vicinity of the S-spin resonance. The equation of motion for the spin density matrix s is given sion in the literature on the subject which appears to have led to the use of RF field strengths far in excess of those by necessary to obtain line narrowing in the spectra.
The line narrowing generated through the use of RF fields ds dt
[1] is yet another example of a variety of experiments in NMR that use RF fields to manipulate the spin Hamiltonian of the system. There are a number of examples of using RF fields where to effectively alter the coherent (or spectral) part of the Hamiltonian such as spin decoupling and cross polarization H 0 (t) Å 0[v 0I I z / v 0S S z / v r (S x cos v S t / S y sin v S t)], (14) . Experiments that modify the incoherent (or relaxation) part of the spin Hamiltonian are often not possible and are H J Å JIrS [2] less common. Recent experiments designed to select relaxation pathways to retain specific pair-wise dipolar interac-with v 0I (v I ) and v 0S (v S ) as the Larmor frequencies for the tions and suppress spin-diffusion effects are examples of I and S spins respectively and v r as the RF field strength in tailoring the relaxation Hamiltonian without altering the the vicinity of S-spin resonance in units of radians per secspectral Hamiltonian (15, 16). In a number of situation such ond. H 1 (t) includes the quadrupolar relaxation Hamiltonian as the line-narrowing experiments considered here, an exact of spin S, dipolar interaction between spins I and S, and the theoretical treatment requires solution of the complete-den-CSA for spin I, sity-matrix equations (including both coherent and incoherent parts) in the presence of the RF perturbation. Such a
[3] procedure for the calculation of lineshapes for a spin-1 2 ( 13 C) nucleus coupled to a spin-1 ( 2 H) nucleus relaxing through Transforming to a doubly rotating frame with quadrupolar interaction in the presence of a strong RF irradiation of the latter spin is given below. The theory is used R(t) Å exp(iv I I z t)exp(iv S S z t) to simulate lineshapes over a range of RF field strengths inclusive of the cases of complete and incomplete washing s*(t) Å R(t) s(t)R 01 (t)
[4] out of the spin coupling between the nuclei. In the Appendix, a simpler theory for the case of completely washed-out scalar and using the standard treatment for relaxation (4) yields coupling, in which the scalar interaction is treated exclusively as a relaxation process, is presented.
For the relaxation of the spin system, three mechanisms ds* dt
[5] are considered: the chemical-shift anisotropy (CSA) of spin I ( 1 2 ), quadrupolar interaction for spin S (1), and their mutual where dipolar interactions. Since all these are tensor interactions of rank 2, interference terms can arise between relaxation mechanisms such as, dipolar-quadrupolar interaction and
frequency shifts arising from the imaginary part of the spectral densities of the relaxation mechanisms can also occur [18] [19] [20] . These effects are also included in the present formulation. The procedure in this paper is, therefore, appliand G is the relaxation super operator (14) corresponding cable to lineshape calculations for any spin- of spin S is strong such that the spin coupling is totally obliterated, H J may be written as JIrS(t) leading to scalar THEORY relaxation of the second kind (4). If this is the case, the lineshape calculation is simpler than the general case preThe density-matrix method is convenient for the calcula-sented here. The derivation of longitudinal and transversetion of the lineshape variations in the multiplet structure of relaxation rates of spin I for such a case in the presence of a spin-1 2 nucleus I as a function of the relaxation times of a strong RF irradiation of spin S is described briefly in the Appendix. quadrupolar spin S and of the strength of the irradiating RF The six spin-product states Ém I , m S … of the I-S spin sys-(2s1q), and one two-spin-flip three-quantum (2s3q) coherences will now be coupled to the three single-quantum cohertem are ences I 1 , I 2 , I 3 , so that the dimension of Eqs. 
where X is a row vector with elements (1, 1, 1) equal to R aa= bb= Å 1 2 {J aba= b = / J b= a = ba the normalized intensities of the lines in the spectrum in the absence of any relaxation. The spectrum is then given by
In the above, E is a unit matrix and re stands for the real part. Evaluation of the above integration yields 1 »aÉR
[12] in which » … av represents an ensemble average, and dv aa= represents a dynamic frequency shift defined later in Eq.
[21]. The situation becomes complicated in the presence of an S-spin decoupling field. Six additional multiple-quantum coFor the calculation of J aba= b = , it is convenient to express the three relaxation Hamiltonians in terms of their irreducible herences (MQs), two zero-quantum (Z 1 , Z 2 ), two doublequantum (D 1 , D 2 ), one two-spin-flip single-quantum spherical tensor components as 
Note. See Eq.
[17] in the text. The Hamiltonians are expressed in angular frequency units. The expressions are in standard notation. Superscripts Q, D, and C denote the three relaxation mechanisms. e 2 qQ is the quadrupolar coupling constant in radians per second. g I and g S are gyromagnetic ratios of spin I and S and r IS is the distance between them. h Q and h C I are the asymmetry parameters for quadrupolar and CSA interactions, respectively. d zz is the largest principal value of the CSA tensor. D 
0q Éb…* where F q are the lattice functions and A q are the spin operators such that,
Éb… various F q and A q for the three relaxation mechanisms (21, 22) are given in Table 1 . The calculation of the spectral densities may now proceed along the lines described, for 1 »aÉA Q 0q Éb…* example, in Ref. (17) . Assuming an isotropic motion described by a correlation time t c leads to Lorentzian spectral
The J aba= b = in Eq.
[16] may be expressed as In Eq.
[19 ] , the first three terms are the auto-correlation relaxation rates, the fourth and fifth terms are the cross correlations between dipolar and quadrupolar re- Table 2 and Table 3 , respectively. The various Å 0 3 10
(e 2 qQ) Table 2 ) for the case of I Å 
, and
3 10 The dynamic shifts represented by dv aa= are given by
, dv aa= Å L aa=aa= and
The imaginary part of the spectral densities which determine dv aa= in Table 3 are given by
, where Im stands for the imaginary part. These terms add to and the first term in Eq. [8], thereby modifying the frequency of the transition a r a. Such dynamic-shift terms arise for
[24] all spectral densities at nonzero frequencies in Eq. [21] . However, in the absence of spin-spin coupling, the dynamic SIMULATIONS shifts change v 0I and v 0S , i.e., effectively alter the chemical shifts which are not readily detected, although they are obLineshapes of a 13 C nucleus (I) coupled to a deuterium nucleus (S) which is subjected to a decoupling field were servable in specially designed experiments. However, in the 
Note. The various spectral density terms such as the CSA of the spin I was also included with d zz Å 100 ppm. É 10. For simplicity, the asymmetry parameters h Q and h C I and
In Fig. 1 , only the quadrupolar and dipolar relaxation polar angles u Q-D and u C I -D were set equal to zero in all the mechanisms were considered. Although the cross correlasimulations. In Figs. 1-3 , the proton Larmor frequency was tions of the two relaxation mechanisms were included in chosen to be 600 MHz, and, at this frequency, the value of the relaxation rates, and these appear only for the multiple the longitudinal relaxation time of the quadrupolar nucleus, quantum coherences, the dynamic shifts were omitted in
, is about 43 ms. In order to contrast with Fig. 2 in which they are included. Fig. 4 , the proton Larmor frequency was 190 MHz and the The expected triplet structure is seen in the absence of Scomputed T 1Q is 4.5 ms. It has been shown that, in the decoupling (Fig. 1a) . In Figs. 1b-1h , the simulated linesextreme narrowing limit and in the absence of any decouhapes with RF field strengths n r Å v r /2p of 11, 22, 50, 100, pling field, as the parameter (5T 1Q J) 2 is varied from 1000 150, 500, and 1000 Hz, respectively, applied to 2 H nucleus to 1 the I-spin spectrum changes from a fully resolved triplet on resonance are presented. In the simulation of Fig. 1b (n r to a narrow singlet and is a broad singlet when (5T 1Q J) 2 Å Å 11 Hz), the ratio v r /J Å 0.5 and the multiplet structure 10 (3). The product (5T 1Q J) 2 is a useful parameter to predict is little affected as the decoupling field strength was insuffithe nature of the multiplet structures even when the extreme cient and the situation remains about the same even for v r / J Å 1 (Fig. 1c) . When the ratio was increased to about 2, as in Fig. 1d (n r Å 50 Hz), the central line was sharpened.
TABLE 3
The intensities of the outer lines in the multiplet structure Dynamic Shifts Appearing in the A Matrix were also reduced. For v r /J É 5 (n r Å 100 Hz) (Fig. 1e) , the multiplet structure is only partially collapsed and the
outer lines were broadened and merged with the base of the
central line. However, at about v r /J É 7 (n r Å 150 Hz),
the collapse of the multiplet structure is complete and a
broad singlet appears as the spectrum (Fig. 1f) . A further
increase of n r to a value of 500 Hz sharpened the singlet
( Fig. 1g) . A subsequent increase of n r to a value of 1000 Hz ( Fig. 1h) was more or less complete. There was no further change in 1 2 COUPLED TO A QUADRUPOLAR SPIN as the relaxation rates arising from the cross correlations are differential in the multiplets. The shift is the same for the two outer lines and is larger by a factor of two for the central line (see Table 3 ). The irradiating RF field reduces the dynamic shift and it causes the collapse of the spin multiplet. The magnitudes of the various parameters used in the simulations determine the extent of reduction in the two kinds of splitting. Thus, in Fig. 2f , at the end of the first stage of decoupling when the collapse of the multiplet structure from spin-spin coupling is complete, a small residual dynamic shift of the central resonance persists. However, for a n r of 1000 Hz (Fig. 2h) , all the effects, viz., decoupling, vanishing of dynamic shifts, and line narrowing are complete, similar to that in Fig. 1h . the lineshape for any more increase in n r (data not shown). It can be clearly seen from these simulations that the complete decoupling takes place in two stages as the decoupling field is increased. In the first stage, a collapse of the multiplet structure occurs (Fig. 1f) , and, in the second stage, the residual linewidth coming from the scalar relaxation is removed (Figs. 1g and 1h) .
In from 11 to 1000 Hz as in Fig. 1 . The dynamic shifts as well the behavior of the decoupling process is essentially the same as in the previous cases. A totally different situation is obtained in the simulations shown in Fig. 4 , where the proton Larmor frequency was changed to 190 MHz. At this frequency, the T 1Q values correspond to 4.5 ms and the parameter (5T 1Q J) 2 É 10. A broad singlet is seen as expected (Fig. 4a) ; however, the singlet is shifted from the center by the dynamic shifts arising from both cross correlations discussed above. The shift is noticeable since, in the long correlation limit, the linewidths (R 1414 and R 3636 ) of the outer two lines get contributions from the dominant spectral density at zero frequency from the mutual dipolar relaxation [J D (0)] and are very broad compared to the sharp central line (R 2525 ) that is unaffected by the same spectral density (see Table 2 ]. Thus, although In Fig. 3 , the relaxation arising from chemical-shift anisotropy of spin I is also considered. Dynamic shifts arising from both the cross correlations between quadrupolar and dipolar and that between CSA and dipolar interactions were included. (The S-spin chemical-shift anisotropy was not considered as it is very small for a nucleus such as deuterium). The cross correlation of CSA and dipolar interactions differentially affect the relaxation rates of the outer two lines of the three single-quantum coherences of spin I. The differential effect leads to the appearance of a narrower line on the   FIG. 4 . Simulated 13 C spectra of a 13 C-2 H spin system with all the low-frequency side and a broader line on the high-frequency interactions and the parameters used and described in the legend to Fig. 3 side (Fig. 3a) . The central line is unaffected by this cross except that the proton Larmor frequency was set at 190 MHz and the correlation both in its relaxation rate and dynamic shift. In irradiation amplitudes are n r Å v r /2p in (a) 0, (b) 11, (c) 22, (d) 50, (e) 100, (f ) 150, (g) 1000, and (h) 5000 Hz.
Figs. 3b-3h, n r was varied between 11 and 1000 Hz and there is a collapse of the multiplet, the dynamic shifts which line narrowing appears as v 2 r T 2Q T 1Q ӷ 1 instead of the corare differential on the multiplets do not vanish due to the rect v 2 r T 2 1Q ӷ 1 as given in Eq. [A8]. It is not clear how differential linewidths on the three overlapping multiplets. these authors have arrived at the term v 2 r T 2Q T 1Q , which apAgain, n r is varied from 11 to 5000 Hz (Figs. 4b-4h ) and pears to be a saturation factor, in the expression for spectral as it approaches about 150 Hz (Fig. 4f) , the singlet appears densities for relaxation through scalar coupling. Since, for at the center. In Fig. 4g n r was 1000 Hz and the sharpening macromolecules, T 2Q is generally smaller than T 1Q (at least of the singlet is complete, and a further increase of n r to a by a factor of 10), larger RF field strengths were estimated value of 5000 Hz (Fig. 4h) did not narrow the line any than are actually needed. The reduction in decoupling power further.
is useful from an experimental point of view. It reduces RF heating effects, and, furthermore, when the quadrupolar spin is deuterium, the minimization of RF irradiation reduces
CONCLUSION
interference with the field-frequency lock which usually uses The lineshape analysis presented above illustrates the the deuterium signal. dependence of the I-spin spectrum on various parameters such as the S-spin quadrupolar longitudinal relaxation
